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Abstract Granular activated carbon (GAC) and more re-
cently activated carbon fibers (ACF) are used for the treat-
ment of volatile organic compounds (VOC) in industrial
processes. The purpose of this study was to investigate the
adsorption kinetics of ACF to eliminate VOC from polluted
air. This approach is carried out by modeling experimen-
tal breakthrough curves with two kinds of models: an equi-
librium model and a mass transfer model based on a linear
driving force (LDF) in conjunction with the Langmuir equi-
librium model. The results show the influence of the intra-
particle diffusion on the adsorption kinetics of ACF, in spite
of their small fiber diameter. Moreover, external diffusion
kinetics is fast because of the influence of the large external
surface area of ACF on the VOC mass transfer.
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Abbreviations

a  External surface area of adsorbent particles per unit
adsorbent volume, m2/m3

C; Bulk-fluid phase concentration of component i, kg/m3

C;s Fluid phase concentration of component i on the
surface of particles, kg/m>

Cin Inlet bulk-fluid phase concentration of component i,
kg/m?

C; Average concentration of component i in the fluid
phase inside the particle, kg/m>

D, Effective intraparticular diffusion coefficient, m?/s

Dk Knudsen diffusion, m%/s

D,, Molecular diffusivity of the component i in the carrier,
m?/s

D, Axial dispersion coefficient, m?/s

dy Fiber diameter, m

K Langmuir isotherm parameter, m3/kg

ky External diffusion coefficient, m/s

kp Intraparticular diffusion parameter, 1/s

L  Column length, m

Pe Peclet number

qgi Average solid phase concentration of component i
(amount adsorbed), kg/kg

qim Langmuir isotherm parameter, kg/kg

gis Concentration of component i on the surface of the
particle, kg/kg

ry  Fiber radius, m

T Temperature, K

t  Dimensional time

u  Interstitial velocity of fluid, m/s

Y Dimensionless axial coordinate

z  Axial coordinate, m

¢ Bed void volume fraction

¢p Particle porosity

pp Density of the adsorbent, kg/m?
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or Density of the fluid, kg/m?
7 Dimensionless time

1 Introduction

Volatile organic compounds (VOC) are major air pollutants
coming partly from industrial processes. Hydrocarbons in
combination with NO,, in the presence of sunlight, un-
dergo photochemical oxidation, producing a photochemical
smog that is environmentally hazardous (Khan and Ghoshal
2000). One way to minimize this harmful effect is to reduce
the concentration of the VOC by adsorption on porous car-
bon (Le Cloirec 1998). The process is generally conducted
in two steps, since the saturated material requires regener-
ation (Brasquet and Le Cloirec 1997; Mocho et al. 1996;
Salden and Eigenberge 2001). Activated carbon fiber (ACF)
is a novel and fibrous adsorbent, which has been developed
by carbonization and activation of organic precursor fibers
(Ryu et al. 1998). The advantages of ACF are the smaller
fiber diameter (which minimizes diffusion limitations and
allows rapid adsorption/desorption kinetics), a sharper pore
size distribution and excellent adsorption capacity at low
concentration of adsorbates, compared with conventional
activated granular/powder carbons (Rong et al. 2002).

The purpose of the present paper is to investigate the ad-
sorption kinetics of ACF (cloth and felt) to remove VOC
from polluted air in fixed bed columns.

2 Experimental section
2.1 Adsorbents

The adsorbents examined here were produced by Actitex
(Levallois, France). Two kinds of ACF were studied: a cloth
(CS 1501) and a felt (FC 1201). The adsorbents were dried
at 105°C during 24 h and then kept in a desiccator until
used.

2.2 Adsorbates

The VOC used belong to various families of compounds: al-
cohols (isopropanol), aromatics (toluene), ketones (acetone,
methyl ethyl ketone), esters (ethyl acetate) and halogenated
compounds (dichloromethane).

2.3 Method
2.3.1 Fixed bed experiments
The column tests were carried out in a PVC column with

an internal diameter of 6.6 cm and a height of 5 mm and
1.64 mm for the felt and the cloth respectively.

@ Springer

The inlet vapour concentration was prepared by injecting
the liquid solute in a flow of dry air. The required concentra-
tion was obtained by adjusting the air flow and the injection
rate. The inlet concentration (C,) of VOC in the flow stream
was 2500 mg/m?> at a temperature of 20 °C. The concentra-
tion of outlet gas was controlled by gas phase chromatogra-
phy (CPG) with a flame ionization detector (FID).

2.4 Theoretical approach

Physical models representative of the fixed bed column
dynamics are the same as those in chromatography. The
governing equations can be obtained from differential heat
and mass balances of the bulk-fluid phase and the parti-
cle phase, respectively, for a given component (Bird et al.
1960). Crittenden and Weber (1978), Ruthven (1984) and
Tien (1994) provided a review of the existing mathemati-
cal models, available for single component and multicom-
ponent fixed bed adsorption systems. Among the most com-
mon approaches, the simplest is neglecting both heat and
mass transfer resistances by assuming that equilibrium is in-
stantaneously obtained. However, an accurate prediction of
breakthrough curves requires considering the mass transfer
kinetics. Because of its simple mathematical form, the lin-
ear driving force model (LDF) is commonly used to describe
mass transfer kinetics in the solid phase. The mass flux is
then related to the difference between the equilibrium sur-
face concentration and the average adsorbed phase concen-
tration. Although the global mass transfer coefficient is often
considered as an adjustable parameter, as for the ACF here,
some authors attempted to correlate its value with pore and
surface diffusion coefficients for a granular adsorbent (Fu-
ruya et al. 1996). The pore diffusion coefficient is itself in-
fluenced by the pore size distribution. It has been suggested
that this parameter should be correlated with molecular dif-
fusion and Knudsen diffusion coefficients (Scott and Dullien
1962).

By electrical analogy, the fluid-solid mass transfer is re-
lated to two resistive terms: external resistance, depending
on external diffusion of the solute in the film localised on
the external surface of the adsorbent; and an intraparticular
resistance, influenced by several parameters: interaction of
solute with the surface during the adsorption step, diffusion
of solute in the pores of the adsorbent, diffusion of the solute
on the surface of the pores.

The dynamics of a fixed bed involve transport by axial
dispersion in the mobile phase, convective transport in the
mobile phase, accumulation in the bed void and accumula-
tion in the adsorbent (Markovska et al. 2001; Chuang et al.
2003; Pré et al. 2002). Equilibrium between the two phases
is assumed at the fluid-solid interface.
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2.4.1 Fixed bed adsorption with mass transfer effect—LDF  or
model .
Cig=——1 (10)
dim K — Kq:'s

The system considered here is an isothermal adsorption col-
umn packed with porous material (GAC or ACF). At time
zero, a step change occurs in the concentration of an adsor-
bate introduced in the flowing stream.

Under the above assumptions, the governing equations
and appropriate initial and boundary conditions can be writ-
ten as follows:

ac,-+ac,-+1—ea( G+ ou) D32c,- "
u —(&,C; )=D,———,
9z ot or P PP = B
initial condition:
= 0, Ci = 0, (2)
boundary conditions:
D, 0C;
z=0, Cin=Ci —— , 3)
u 0z
aC;
z=1L, L =0. 4)
0z

On introducing the dimensionless coordinates and the Peclet
number,

(1)-(4) become

aC; (3G 1-ed = oy ) 9°C; )
ay ot g P PP = Ty

=0, C; =0, Y =0,

P e _— G _, (©6)
MmN pe gy’ v ay

The adsorption rate expressed in terms of the film resis-
tance is given by:
g kra 4k
e (SR D Ee
ot pp drpp

(Ci — Ciy). (7

The adsorption rate expression based on the linear driving
force (LDF) is:

g Dm(%)r:R — ey (qis — ), ®)
p

where g;; and C;; are respectively the adsorbed phase and

the fluid phase concentrations at the fluid/solid interface and

they are in equilibrium. The thermodynamic equilibrium is

modeled here by the Langmuir equation (Langmuir 1918):

N qim K Cis

= —, 9
14+ KCj; ©)

gis

Under steady state conditions, the rate of mass transfer
of adsorbate from the bulk fluid to the external solid surface
balances the net rate of intraparticular diffusion:

4kf _
7 (Ci = Cis) = kp(gis — qi)- (11)
fPp

Substituting (10) into (11), one obtains:

— 4kf < qis >
e — G = c;i—— s ) (12)
U = o kp \ ' gimK — Kais

The pore accumulation term is generally small in com-
parison with the accumulation in the solid phase, so

0 — _ aqi _
5 @G +pri):ppa_tl = ppkp(qis — Gi)- (13)

Combining (13) and (12) in dimensionless form yields:

ag  AksL <
i _ 4y (C,- s ) (14)
ot udypp Kqim — Kqis

Differentiation of (12) with respect to t yields:

4kpL o~ dis 4kr G
8q[s udypp (Cl B inm_ins) + dyppkp ot
= = . (15)
ot _Akr Kqim
dyppkp (Kqim—Kgs)?
Substituting (14) into (5) yields:
aC; 09C; n 4(1 —e)kysL c gis
oY ot udye " Kqim — Kqis
1 9%C;
= — . 16
Pe 9Y? (16)

The partial differential equation (16) was transformed
into a set of linear equations using an implicit finite volume
method. The tridiagonal system obtained and the ordinary
differential equation (15) were solved with the LU decom-
position method and a fifth-order Runge-Kutta method re-
spectively (Finlayson 1980; Chapra and Canale 2002). The
mathematical scheme was implemented in Fortran 90 to
simulate the breakthrough curve.

For the ACF, the external and intraparticular diffusion pa-
rameters are unknown; ks and k,, defined in (7) and (8) are
used as adjustable parameters in modeling adsorption. The
Peclet number is also unknown for the ACF; the axial disper-
sion coefficient D, will be assumed to be equal to molecular
diffusion D,,.

The kinetics of ACF is considered to be fast, so it could
be interesting to test an equilibrium model to study the in-
fluence of the intraparticular resistance on the mass transfer
kinetics.
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Table 1 Main characteristics of
ACF Name

Origin

Texture

Grammage (g/m?)
Fiber diameter (um)
Thickness (mm)

Structure

BET surface (Argon, 77 K) (mz/g)

Porous volume (cm3/g)
Microporous volume (cm3/g)
Pore median diameter (/&)
Purity of carbon (%)

Density (g/cm?)

Bed void fraction

ACTITEX CS 1501 ACTITEX FC 1201

Viscose Viscose
Cloth Felt

200 150

1.6 1.6

0.41 2-3
Microporous Microporous
1420+ 10 1340+ 10
0.61 0.68

0.58 0.52

5-8 5-8

>99 >99

1.01 1.01

0.52 0.93

2.4.2 Fixed bed equilibrium model

The following assumption is made in this model: the poros-
ity of the adsorbent is directly accessible to the adsorbate at
the film-adsorbent interface so that intraparticular diffusion
resistance can be neglected. Thus, the uptake of adsorbate is
fast and one can assume that the fluid phase and the adsor-
bent phase are in equilibrium.

There is no concentration gradient across the adsorbent.
Thus,

— QimKCis
- _ — 17
qi 1+ KC,, (17)
E — inm 8Cis. (18)
at  (+KCi)? ot
Substituting (7) into (18), one obtains for the ACF:
0C; 4k +(1 + KCj5)?
i ARG e, (19)
ot rpKqimdy

2.4.3 Estimation of the fitting error

The fitting efficiency of each model is evaluated by the root
mean square error :

1 1
5= Cin \/N(Cexp - Cmud)2 (20)

where C,y, and Cy,oq are the observed and calculated con-
centrations at breakthrough, respectively, and N is the num-
ber measured in each test.

3 Results and discussion
Study of the dynamics of a fixed bed requires knowledge of

the parameters in the Langmuir equation. They are deduced
from experimental isotherm data and reported in Table 2.
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Table 2 summarises the Langmuir model characteristics
of VOC adsorption on ACF. The maximum adsorptive ca-
pacity at the monolayer level g;,,, and the Langmuir equi-
librium constant K are between 0.19 and 0.51 g/g and 0.6
and 48 m3/g respectively, demonstrating that these ACF are
particularly suitable for adsorbing VOC.

3.1 Study of the breakthrough curves of ACF

The breakthrough curves of ACF for toluene, MEK, dichlo-
romethane, acetone, ethyl acetate and isopropanol are shown
in Figs. 1 to 4. Simulation data of each model are summa-
rized in Table 3.

Figures 1 to 4 show that the equilibrium model applied
to fitting the breakthrough curves of ACF is not success-
ful except in the case of dichloromethane. So, the kinetics
of diffusion of the solute in the pores of the fibers is not
instantaneous. This fact can be explained by the pore net-
work of the fibers, practically-limited to micropores. On the
other hand, the linear driving force model is in good agree-
ment with the experimental curves except for acetone. This
demonstrates that intraparticule transfer is the main step of
the adsorption kinetics. Similarly, Cheng et al. (2004) de-
veloped a model with pore diffusion and surface diffusion to
represent intraparticle transfer. Table 3 shows the values of
the mass transfer coefficients for felt and cloth. The magni-
tude of ks depends on the flow conditions around the fibers.
Because of the difference of bed void, the superficial veloc-
ity of the gas in the cloth is greater than in the felt, so, the
fluid-solid contact time is smaller in the cloth than in the
felt. Thus, k7 is here influenced more by the retention time
of the fluid in the bed than by the turbulent mixing of the
fluid. Moreover, the intraparticle transfer coefficient of the
solute in the felt (k) is higher than in the cloth because of
the presence of mesopores in this adsorbent.

The ratio of rates of external mass transfer to intraparti-
cle mass transfer is given by the mass Biot number in the
Table 3. When this number is large like here (of the or-
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Table 2 Langmuir model
parameters of ACF (Cloth and Felt Cloth
Felt) K@y qim (@ 1 K@iy qm(ge 1
Toluene 11.9 0.42 0.996 48 0.44 0.766
MEK 5.7 0.33 0.922 8 0.39 0.955
Dichloromethane 0.6 0.35 0.878 0.8 0.36 0.971
Acetone 2 0.19 0.973 2.7 0.21 0.993
Ethyl acetate 4.1 0.38 0.858 4 0.51 0.968
Isopropanol 33 0.30 0.910 5.9 0.37 0.970
Fig. 1 Breakthrough curve of 24
ACEF (Felt) for toluene, MEK 22 e Toluene
and 2 I
dichloromethane—application %:g ''''''' Equilibrium model
of the equilibrium and mass w’g 14 LDF model
transfer model C, = 2.5 g/m3, 0 1i2 A MEK
U, =324 m/h, L =5 mm o 1 o
o84 /& 9 Equilibrium model
822 LDF model
0,2 = DCM
V== Equilibrium model
01234567 8 9101112131415 LDF model
Time (min)
Fig. 2 Breakthrough curve of 2.4
ACF (Felt) for acetone, ethyl 2’2
acetate and 5 ¢ Acetone
isopropanol—application of the 8 4 Equilibrium model
equilibrium and mass transfer ~ 1,6
model C, =2.5 g/m?, "‘g 1,4 —— LDF model
U, =324 m/h, L =5 mm 80 1,2 Ao Ethyl acetate
© o,é ------- Equilibrium model
0,6 —— LDF model
04 -
0 Equilibrium model
012345678 9101112131415 ——LDF model

der of 105), the resistance to the mass transfer is within the
fiber rather than external to the fiber. This is in agreement
with the failure of the equilibrium model to simulate ACF
breakthrough curves. To investigate the intraparticle transfer
mechanism, the effective intraparticular diffusion coefficient
(D,) is quantified from the value of k,; it varies between
3 x 10715 and 1.5 x 10~ m?/s. This very low value leads
to the hypothesis that the limiting step of the intraparticle
transfer is the diffusion on the internal (pore) surface rather
than in the pore volume.

A particularity of the ACF is their fibrous texture with
a great surface area a. For example, this parameter is equal
to 2.5 x 10% m*/m? for ACF, while it is at most 3000 for a
granular activated carbon of 2 mm mean diameter. The sur-
face area has an incidence on the mass transfer rate, which

Time (min)

is a function of ks but also depends of the external surface
area and on the driving force. This fact may explain the fast
mass transfer rate observed for these materials in spite of
the limitation of intraparticule mass transfer. The small di-
ameter of the fiber is also an advantage for the intraparticule
mass transfer because of the weak thickness of intraparticle
diffusion.

In the case of dichloromethane, the low value of the equi-
librium constant K may be related to a low value of the
adsorption enthalpy, representing weak adsorbate-adsorbent
interaction energy and a low affinity between DCM and
ACF. This is consistent with fast establishment of equilib-
rium and a low adsorption capacity revealed by the fast
breakthrough, cf. Fig. 1. The equilibrium model therefore
describes this case well.
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Fig. 3 Breakthrough curve of 24 1 ¢ Toluene
ACdF (Cloth) for toluene, MEK 2:2 -~ ym /A A Equilibrium model
an 2 -
dichloromethane—application 1,8 LDF Il model
of the equilibrium and mass m’é\ },2 7 A MEK
transfer model C, = 2.5 g/m’, D S s
U, =324 m/h, L = 1.64 mm 2 1% ] Equilibrium model
© 081 LDF II model
06 - = DCM
04 o
2% &S Equilibrium model
0 ! LDF IT model
0 5 10 15 20 25 30 35 40
Time (min)
Fig. 4 Breakthrough curve of 24 -
ACF (Cloth) for acetone, ethyl 22 - = Acetone
acetate and 2 o
isopropanol—application of the 84 w4 Equilibrium model
equilibrium and mass transfer o~ 167 LDF II model
model C, =2.5 g/m3, go }’g : s+ Ethvl 1at
U, =324 m/, L = 1.64 mm S 1 ylacetate
og-+ [t e e Equilibrium model
0,6 1 LDF II 1
04 - mode
02 - s IPA
0 BEEEEEEES Equilibrium model
0 5 10 15 20 25 30 35 LDF I model
Time (min)
Table 3 Parameters of the numerical simulation
Number of finite volume Nz = 500 At/Az=1
Compound Adsorbent Mass transfer model (LDF) D, ~ k”a'"f Bi~ kge/ Equilibrium model
k¢ (m/s) kp (1/s) ) ky (m/s) )
Toluene Cloth 6.66 x 1074 102 0.02 3.20x 10715 1.67 x 10° 6.66 x 1074 0.1
Felt 3.33 x 1073 1.66 x 1072 0.03 5.31 x 10715 5.02 x 10° 3.33x 1073 0.12
MEK Cloth 6.66 x 10~* 8.33x 1073 0.05 2.67 x 10715 2.00 x 10° 6.66 x 1074 0.14
Felt 3.33 x 1073 2.5 %1072 0.04 8.00 x 1013 3.33 x 10° 3.33x 1073 0.12
DCM Cloth 8.33 x 10~* 4.17 x 1072 0.03 1.33 x 10714 4.99 x 10* 8.33 x 10~* 0.04
Felt 1.66 x 1073 8.33 x 1072 0.03 2.67 x 10714 4.98 x 10* 1.66 x 1073 0.04
Acetone Cloth 8.33 x 10~* 1.33 x 1072 0.11 426 x 10715 1.57 x 10° 5x 1074 0.16
Felt 6.66 x 1073 5% 1072 0.1 1.60 x 10714 3.33 x 10° 3.33 x 10~* 0.19
Ethyl acetate Cloth 6.66 x 1074 1.33 x 1072 0.03 4.26 x 1071 1.25 x 10° 6.66 x 1074 0.06
Felt 6.66 x 1073 4.17 x 1072 0.02 1.33 x 10714 3.99 x 10° 6.66 x 1073 0.11
IPA Cloth 8.33 x 1074 1.33 x 1072 0.06 426 x 10715 1.57 x 10° 8.33 x 10~* 0.12
Felt 1.67 x 1073 4.17 x 1072 0.04 1.33 x 10714 1.00 x 10° 1.67 x 1073 0.1

4 Conclusions

This study deals with the modeling of breakthrough curves
of six VOC on two kinds of ACF (cloth and felt). The Lang-
muir model parameters (K, g;,,) indicate the good adsorp-
tion capacity of ACF to remove VOC. Based on the break-
through curves modeling, it is concluded that the intrapartic-
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ular mass transfer is the limitation step of the adsorption ki-
netics. This is in agreement with the pore structure of ACF,
predominantly micropores. The main step of the intrapartic-
ule transfer seems to be the surface diffusion, considering
the very low effective intraparticular diffusion coefficient
(D,). In the future, a model based on surface diffusion will
be developed to validate this assumption.
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The successful adaptation of the equilibrium model to
dichloromethane breakthrough curves is correlated with the
weak adsorbate-adsorbent interaction and the low affinity
between DCM and ACF.
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